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Bulk metallic glasses (BMGs) with high thermal stability and good corrosion resistance
were synthesized in the (Cu0.6Hf0.25Ti0.15)100xyNiyNbx system by copper mold
casting. The addition of Ni element causes an extension of a supercooled liquid region
(DTx = Tx – Tg) from 60 K for Cu60Hf25Ti15 to 70 K for (Cu0.6Hf0.25Ti0.15)95Ni5. The
simultaneous addition of Ni and Nb to the alloy is effective in improving synergistically
the corrosion resistance in 1 N HCl, 3 mass% NaCl, and 1 N H2SO4 + 0.01 N NaCl
solutions. The highly protective Hf-, Ti-, and Nb-enriched surface film is formed by
the rapid initial preferential dissolution of Cu and Ni, which is responsible for the high
corrosion resistance of the alloys in the solutions examined.
I. INTRODUCTION
Due to their superior strength, high hardness, high
fracture toughness, and good wear resistance, Cu-based
bulk metallic glasses (BMGs) demonstrate promising
potential applications as new high-strength structural
materials.1,2 In recent years, a number of Cu-based
BMGs, as exemplified for the Cu–(Zr,Hf)–Ti,1–3 Cu–
(Zr,Hf)–Al,4–7 Cu–Zr–Al–(Ti,Y),8,9 Cu–Zr–Ti–Ag,10
and Cu–Zr–Al–Ag–(Pd)11,12 systems, have been devel-
oped. At the same time, extensive studies have been
focused on the glass formation, crystallization processes,
and mechanical and physical properties of these BMGs.
However, to date, there has been little investigation of
chemical properties pertaining to BMGs in a variety of
environments. We must realize that high chemical sta-
bility and high corrosion resistance of a material are
prerequisites for its use in industrial applications.
The corrosion resistance of metallic glasses is
expected to be better than that of their crystalline coun-
terparts due to the lack of grain boundaries and second-
phase precipitates.13,14 However, the alloy composition
is also a very important factor in dominating the corro-
sion resistance in all materials, including metallic
glasses. There are a few previous studies on the corrosion
behavior of Cu–Zr(Hf)–Ti BMGs.15–17 The results
demonstrated that Cu–Zr(Hf)–Ti BMGs exhibited low
corrosion resistance in the corrosive environments,
especially when the solutions contained chloride ions. In
addition, alloying Mo, Ta, or Nb corrosion-resistant
elements effectively improved the corrosion resistance of
the Cu–Zr(Hf)–Ti-based BMGs in various aggressive
environments. Unfortunately, the supercooled liquid
region (DTx) decreases greatly with these additional
elements, resulting in a decrease in glass-forming ability
(GFA) and thermal stability of the supercooled liquid
before crystallization.15–17 Hence, the limitations of ther-
mal stability and composition range for the glass forma-
tion for the Cu–Zr(Hf)–Ti-based alloys will restrict a
further extension of their application fields.
With the aim of developing new BMGs with larger
supercooled liquid region and good viscous flow work-
ability as well as higher corrosion resistance, the alloy
composition design is important. Ni and Nb were select-
ed as additional elements to Cu–Hf–Ti BMG for two
reasons: (i) Ni has a highly negative heat of mixing with
the constituent elements, Hf and Ti, which can facilitate
the glass-forming ability of BMGs,18,19 and (ii) Nb has a
strong passivating ability for metallic glasses. Thus, this
work aims to investigate the influence of alloying
elements Ni and Nb on thermal properties, GFA, and
corrosion resistance of (Cu0.6Hf0.25Ti0.15)100xyNiyNbx
alloys. X-ray photoelectron spectroscopy (XPS) is used
to clarify the origin of high corrosion resistance of the
alloys. Particular attention has been paid to study the
chemical compositions and the oxidation states of alloy
constituents in surface films.
II. EXPERIMENTAL PROCEDURES
Master ingots with nominal compositions of
(Cu0.6Hf0.25Ti0.15)100xyNiyNbx (x = 0 to 6 at.% and y =
0 to 5 at.%) were prepared by arc-melting elemental
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Cu, Hf, Ti, Ni, and Nb of 99.9 mass% purity in a
Ti-gettered argon atmosphere. First, the binary alloy of
Hf and Nb was prepared. This binary alloy was then
melted with Cu, Ti, and Ni. Remelted ingots were ejected
into a copper mold to produce a 50-mm-long cylindrical
rod with diameters up to 4 mm. The structure of the
specimens was examined by x-ray diffraction (XRD) us-
ing Cu Ka radiation. The thermal stability associated with
glass transition temperature (Tg) and crystallization tem-
perature (Tx) for the glassy alloys was investigated by
differential scanning calorimetry (DSC) at a heating rate
of 0.67 K/s. The liquidus temperature was determined by
differential thermal analysis (DTA) at a heating and cool-
ing rate of 0.033 K/s.
The corrosion behavior of the BMGs was evaluated
by weight loss and electrochemical measurements. Prior
to corrosion tests, the specimens were mechanically
polished in cyclohexane with silicon carbide paper up to
grit 2000, degreased in acetone, washed in distilled wa-
ter, dried in air, and further exposed to air for 24 h for
good reproducibility. Electrolytes of 1 N HCl, 3 mass%
NaCl, and 1 N H2SO4 + 0.01 N NaCl solutions open to
air were used at room temperature (about 298 K). The
solutions were prepared from reagent-grade chemicals
and high-purity de-ionized water. The corrosion rates
were estimated from the weight loss after immersion in
the solutions for 1 week. The weight loss for each alloy
was measured three times, and the average value was
used for estimation of the corrosion rate. Electrochemi-
cal measurements were conducted in a three-electrode
cell using a platinum counter electrode and an Ag/AgCl
reference electrode. Potentiodynamic polarization curves
were measured at a potential sweep rate of 50 mV min1
after open-circuit immersion for about 20 min when the
open-circuit potential became almost steady.
XPS measurements for surface analysis of the speci-
mens with 5 at.% Ni before and after immersion in the
solutions were performed using an SSI SSX-100 photo-
electron spectrometer with monochromatized Al Ka
excitation (hn = 1486.6 eV). The composition of the
surface film and the composition of the underlying alloy
surface were quantitatively determined with a previously
proposed method using the integrated intensities of
photoelectrons under the assumption of a three-layer
model of an outmost contaminant hydrocarbon layer of
uniform thickness, a surface film of uniform thickness
and an underlying alloy surface of infinite thickness as
regards x-ray photoelectrons.20,21
III. RESULTS AND DISCUSSION
A. GFA and thermal stability of Cu–Hf–Ti–Ni–Nb
alloys
From XRD patterns in Fig. 1, it was identified that
as-cast alloys with a diameter of 1.5 mm, consisting of a
glassy single phase without crystallinity, were fabricated
for (Cu0.6Hf0.25Ti0.15)100xNix alloys with Ni content up
to 5 at.% and (Cu0.6Hf0.25Ti0.15)95xNi5Nbx alloys with
Nb content up to 6 at.%.
Subsequently, we examined the effects of Ni
and Nb additions on the GFA and the thermal
stability of the supercooled liquid region in the
(Cu0.6Hf0.25 Ti0.15)100xyNiyNbx alloys. Figure 2 shows
DSC curves of the as-cast (Cu0.6Hf0.25Ti0.15)100xNix (x =
0 and 5 at.%) glassy alloys with a diameter of 1.5 mm.
In this figure Tg and Tx correspond to glass transition
temperature and onset temperature of crystallization,
respectively. Both samples exhibit the distinct glass tran-
sition, followed by a large supercooled liquid region
before crystallization. The glass transition temperature
(Tg) and crystallization temperature (Tx) increase by
alloying with Ni element. Tg and Tx increase from 745
and 805 K, respectively, for the alloy without Ni to 752
and 822 K, respectively, for the alloy containing 5 at.%
Ni. Thus, the addition of Ni element causes an extension
of a supercooled liquid region (DTx = Tx  Tg) from 60 K
for Cu60Hf25Ti15 to 70 K for (Cu0.6Hf0.25Ti0.15)95Ni5,
accompanying the change in the crystallization mode
FIG. 1. XRD patterns of the as-cast (Cu0.6Hf0.25Ti0.15)100xyNiyNbx
rods with a diameter of 1.5 mm.
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from multiple stages to a single stage. It can be concluded
that the addition of 5 at.% Ni is beneficial for increasing
the thermal stability of the supercooled liquid before
crystallization. A larger supercooled liquid region and a
higher stability of the supercooled liquid phase are useful
for the superplastic processing of the alloy in supercooled
liquid state to produce, for example, bipolar plates for
fuel cells or intricate devices.
With further alloying Nb element to the
(Cu0.6Hf0.25Ti0.15)95Ni5 alloy, DSC curves of the
(Cu0.6Hf0.25Ti0.15)95xNi5Nbx (x = 0 to 6 at.%) BMGs
are shown in Fig. 3. As the Nb content increases, the
glass transition temperature (Tg) remains almost con-
stant while crystallization temperature (Tx) decreases,
resulting in a decrease in DTx (= Tx  Tg) from 70 K
at 0 at.% Nb to 40 K at 6 at.% Nb. Moreover, the
distinguished single-stage exothermic reaction due to
crystallization changes to multiple exothermic reac-
tions. The critical diameter for glass formation (dc)
was 2 mm for 5 at.% Ni alloy, though the alloy
exhibits the largest DTx value of 70 K, 3 mm for
the alloys with Nb content up 4 at.%, and 2 mm for
6 at.% Nb alloy. It is interesting to note that the
addition of Nb to the (Cu0.6Hf0.25Ti0.15)95Ni5 quaterna-
ry alloy promotes the glass-forming ability, despite the
fact that Nb element negatively influences the super-
cooled liquid region of the Cu–Hf–Ti–Ni–Nb BMGs.
To investigate the reason for the high GFA of the
BMGs, it is essential to examine the liquidus tempera-
ture (Tl) of the present alloys. Figure 4 shows the DTA
curves of the Cu–Hf–Ti–Ni–Nb alloys at a cooling rate
of 0.033 K/s. Based on the thermal properties data of
DSC and DTA, the composition dependence of Tg, Tx,
DTx, Tl, the reduced glass transition temperature Trg
(= Tg/Tl), a new parameter
22 g [=Tx/(Tg + Tl)], and dc
for the (Cu0.6Hf0.25Ti0.15)100xyNiyNbx BMGs is sum-
marized in Table I. The Tl increases with addition of Ni,
while the Tg/Tl decreases from 0.63 at 0 at.% Ni to 0.61
at 5 at.% Ni. On the other hand, by the subsequent
addition Nb to the (Cu0.6Hf0.25Ti0.15)95Ni5 alloy, the Tl
decreases with increasing Nb content and reaches a min-
imum value of 1215 K around 4 at.% Nb, resulting in a
maximum value Tg/Tl of 0.62 in the vicinity of 4 at.%
Nb for the Cu–Hf–Ti–Ni–Nb quintuple alloys. Then the
Tg/Tl decreases with further increase of Nb content up to
6 at.% due to the increase of the Tl. In addition, all the
alloys possess a high g value of over 0.401. However,
there is no close correspondence between g and GFA as
g value simply decreases with the addition of Ni and Nb
elements. As a result, the glass-forming ability (GFA)
for the present BMGs is not directly related to DTx and
g parameters but depends strongly on Tg/Tl.
FIG. 2. DSC curves of the as-cast (Cu0.6Hf0.25Ti0.15)100xNix (x =
0 and 5 at.%) glassy rods with a diameter of 1.5 mm.
FIG. 3. DSC curves of the as-cast (Cu0.6Hf0.25Ti0.15)95xNi5Nbx (x =
0 to 6 at.%) glassy rods with a diameter of 1.5 mm.
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The empirical component rules19,23 drawn from ex-
perimental results have demonstrated that certain atom-
ic-size mismatch and efficient atomic packing enhance
GFA of multicomponent systems. In the Cu–Hf–Ti–Ni–
Nb system, their atomic sizes change in the order of Hf
(0.160 nm)  Ti (0.147 nm) > Nb (0.143 nm)  Cu
(0.128 nm) > Ni (0.125 nm).24 Furthermore, Ni has
largely negative heats of mixing with Hf, Ti, and Nb of
42, 35, and 30 kJ/mol,18 respectively. As a result,
the present combination of atomic sizes can produce an
efficiently dense random packing structure due to the
introduction of Ni and Nb elements, which is often asso-
ciated with low internal energy, high viscosity of a liq-
uid, and enhanced stability of a glassy state. Moreover,
the formation of the new Cu–Hf–Ti–Ni–Nb BMGs is
also attributed to the existence of Ni–Hf, Ni–Ti, and
Ni–Nb pairs with strongly attractive bonding nature,
which can improve the local packing efficiency and re-
strain long-range diffusion of atoms. In this work, it is
worth of noticing that the subsequent addition of appro-
priate amounts of Nb to the Cu–Hf–Ti–Ni alloys causes
an increase in glass formation from 2.0 mm for the
(Cu0.6Hf0.25Ti0.15)95Ni5 alloy to 3.0 mm for the
(Cu0.6Hf0.25Ti0.15)95xNi5Nbx (x = 2 and 4 at.%) alloys.
This shows that improved GFA for the Cu–Hf–Ti–Ni–Nb
alloys arises not only from the existence of Ni, but also
from the synergistic effect of Ni and Nb elements, though
the addition of Ni results in an increase in the thermal
stability of the alloys. The Ni–Nb atomic pair with large-
ly negative heat of mixing provides evidence supporting
the present results.
B. Chemical properties of Cu–Hf–Ti–Ni–Nb alloys
Figure 5 shows the average corrosion rates of the as-
cast (Cu0.6Hf0.25Ti0.15)100xyNiyNbx alloys with a di-
ameter of 1.5 mm immersed in 1 N HCl and 3 mass%
NaCl solutions at 298 K open to air for 1 week. The
corrosion rate of an industrial brass (60 wt% Cu + 40
wt% Zn) in 3 mass% NaCl is also displayed for compar-
ison. The corrosion rate of less than 1  103 mm
year1 is out of the detectable limits for the present
measurements and hence is marked with a star in Fig. 5.
In 1 N HCl solution, the addition of Ni or Nb causes a
significant decrease in corrosion rate from 0.34 mm
year1 for Cu60Hf25Ti15 to 0.17 mm year
1 for
(Cu0.6Hf0.25Ti0.15)95Ni5 and 0.0075 mm year
1 for
(Cu0.6Hf0.25Ti0.15)93Ni5Nb2. The corrosion rates are less
than 1  103 mm year1 when the alloys reach critical
composition, that is, (Cu0.6Hf0.25Ti0.15)91Ni5Nb4 alloy in
1 N HCl solutions. The effect of additional elements on
the Cu–Hf–Ti alloy is more pronounced in 3 mass%
NaCl solution. By substitution of 5 at.% Ni for the
Cu60Hf25Ti15 alloy, the corrosion rate of alloy decreases
by two orders of magnitude as compared to that of the
Ni-free alloy in 3 mass% NaCl solution. Moreover, all
the alloys show undetectable weight loss with the
subsequent addition of 2 at.% Nb or more to the
(Cu0.6Hf0.25Ti0.15)95Ni5 in this solution. It is well-known
that the industrial brass exhibits high corrosion resis-
tance in sea water. The corrosion resistance of the 5 at.%
Ni alloy is comparable to that of the industrial brass in 3
mass% NaCl, and the corrosion resistance of the alloys
by the simultaneous addition of Ni and Nb elements is
better than that of the industrial brass. On the other hand,
in 1 N H2SO4 + 0.01 N NaCl solution (not shown in
Fig. 5), where is simulated as fuel cell environment, no
appreciable loss in sample weight is also obtained for
the (Cu0.6Hf0.25Ti0.15)100xyNiyNbx (x = 0 to 6 at.% and
y = 5 at.%) alloys, indicating that the present alloys with
Ni or Nb possess high corrosion resistance in this solu-
tion, while the corrosion rate of the alloy without Ni or
Nb is about 0.045 mm year1.
Further examination was conducted by potentiody-
namic polarization measurements. Figure 6 shows (a)
anodic polarization curves for the as-cast 1.5 mm
(Cu0.6Hf0.25Ti0.15)100xyNiyNbx glassy alloys in 3 mass%
NaCl solution at 298 K and (b) their pitting potentials
plotted versus the content of Nb in alloy. It is observed
that the alloys with and without Nb or Ni show different
FIG. 4. DTA curves of the (Cu0.6Hf0.25Ti0.15)100xyNiyNbx (x = 0
to 6 at.% and y = 0 to 5 at.%) alloys.
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polarization curves. The alloys containing additional ele-
ments Nb or Ni are spontaneously passivated with low
anodic passive current density, although they suffer
pitting corrosion by anodic polarization. In particular,
the simultaneous addition of Ni and Nb to the alloys is
effective in enhancing the pitting corrosion resistance in
chloride-ions-containing solutions. Their pitting corro-
sion potentials are nobler with an increase in Nb content
[Fig. 6(b)]. Accordingly, the coexistence of Ni and Nb
elements leads to the reduction of pitting susceptibility
and improvement of pitting corrosion resistance of the
Cu–Hf–Ti–Ni–Nb alloys. Actually, (Cu0.6Hf0.25Ti0.15)89
Ni5Nb6 alloy has the highest pitting corrosion potential
in comparison with the other Cu-based BMGs, such
as Cu–Zr(Hf)–Ti–(Mo, Nb, Ta) and Cu–Zr–Ti–Ni–Nb
alloys.15–17,25
Figure 7 shows the anodic polarization curves of the
as-cast (Cu0.6Hf0.25Ti0.15)100xyNiyNbx alloys and pure
Ni and Nb in 1 N H2SO4 + 0.01 N NaCl solutions open
to air at 298 K. The alloy without Ni and Nb shows the
active–passive transition, and the current density
corresponding to its active current peak is high. In con-
trast, spontaneous passivation with a low current density
of the order of 102 A m2 takes place for the Ni- or Nb-
containing alloys, and the alloys undergo two-step pas-
sivation during the potential range up to 2.0 V versus
Ag/AgCl, indicating that the addition of Ni or Nb to the
Cu60Hf25Ti15 alloy improves the corrosion resistance in
this solution. No steep increase in current density due to
pitting corrosion by anodic polarization is observed for
all the Cu–Hf–Ti–Ni–Nb alloys. Moreover, the further
increase in Nb content to Cu–Hf–Ti–Ni–Nb alloys
results in a decrease in the current density of the passive
region, revealing that their passive surface stability is
enhanced by alloying of Nb element. The addition of Ni
or Nb element to the alloys also leads to an ennoblement
of the corrosion potentials of the alloys, which is clearly
observed in Fig. 7. On the other hand, pure Ni displays
the transition from the high active dissolution stage to
TABLE I. Thermal properties and critical diameters (dc) of glassy alloys.
Alloy Tg (K) Tx (K) DTx (K) Tl (K) Tg/Tl g dc (mm)
Cu60Hf25Ti15 745 805 60 1182 0.63 0.418 4.0
(Cu0.6Hf0.25Ti0.15)95Ni5 752 822 70 1236 0.61 0.413 2.0
(Cu0.6Hf0.25Ti0.15)93Ni5Nb2 751 815 64 1220 0.62 0.413 3.0
(Cu0.6Hf0.25Ti0.15)91Ni5Nb4 753 800 47 1215 0.62 0.407 3.0
(Cu0.6Hf0.25Ti0.15)89Ni5Nb6 753 793 40 1226 0.61 0.401 2.0
FIG. 5. Corrosion rates of the Cu–Hf–Ti–Ni–Nb BMGs in 1 N HCl
and 3 mass% NaCl solutions at 298 K open to air.
FIG. 6. (a) Anodic polarization curves of the Cu–Hf–Ti–Ni–Nb
BMGs in 3 mass% NaCl solution at 298 K and (b) their pitting
potentials plotted versus the content of Nb in alloy.
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the passive stage with increasing the potential, while
pure Nb metal is spontaneously passivated in wide pas-
sive region. Therefore, the improvement of corrosion
resistance for the Ni- or Nb-containing alloys is attribut-
ed to the strong passivating ability of alloying element
Nb and the preferential dissolution of Ni, despite the fact
that the passive current density of crystalline Nb is much
higher than those of the Cu–Hf–Ti–Ni–Nb alloys.
C. Surface characteristics after immersion
The nature of passive surface films on the alloys plays
a vital role in the mechanism of corrosion resistance.
Thus, XPS analysis was performed to measure the sur-
face characteristics of the specimens as-polished me-
chanically in cyclohexane or immersed for 1 week in 1
N HCl, 3 mass% NaCl, and 1 N H2SO4 + 0.01 N NaCl
solutions. The XPS spectra of the specimens over a wide
binding energy region exhibited peaks of Cu 2p, Hf 4f,
Ti 2p, Ni 2p, Nb 3d, O 1s, and C 1s. The C 1s peaks
were those from so-called contaminant carbon covering
the top surface of the specimen. The O 1s spectrum
consisted of peaks originating from oxygen in metal–O–
metal bonds, metal–OH bond, and bound water. The
photoelectron spectra of Cl and S arising from the solu-
tion species were less than the detectable level. The
spectrum peaks from alloy constituents were composed
of peaks corresponding to their oxidized states in a sur-
face film and the metallic states in an underlying alloy
surface just beneath the surface film. Considering the Cu
2p electron spectrum and the Cu L3M4,5M4,5 Auger
peaks, the copper was distinguished as Cu2+, Cu+, and
Cu0 states.
After integrated intensities of the peaks for individual
species were obtained, the thickness and composition of
the surface film and the composition of the underlying
alloy surface were determined quantitatively using a
previously proposed method.20,21
Figure 8 shows the cationic contents (oxidized states)
of Cu, Hf, Ti, Ni, and Nb in the surface films as a
function of Nb content for the (Cu0.6Hf0.25Ti0.15)95x
Ni5Nby (x = 0 to 6 at.%) BMGs exposed to air and those
immersed in the 3 mass% NaCl and 1 N H2SO4 + 0.01 N
NaCl solutions after mechanical polishing. XPS could
not measure the atomic contents (metallic states) of
these elements in the underlying alloy surface because
the surface films of the alloys were too thick to be
determined by XPS. In the surface films formed by air
exposure after mechanical polishing, Hf and Ti cations
are enriched, while Cu and Ni cations are deficient in
comparison with the alloy composition. Cationic con-
centration of Nb ions is almost the same with respect to
the alloy compositions. As a result, air exposure of the
(Cu0.6Hf0.25Ti0.15)95xNi5Nbx alloys causes preferential
oxidation of Hf and Ti in the surface film. The major
cations in the surface film were Cu2+, Cu+, Hf4+, Ti4+,
Ni2+, and Nb5+.
Immersion in the solutions results in a significant
change in the compositions of the surface films for the
present alloys. First of all, the Ni concentration becomes
lower than the detectable level. The content of Cu in the
surface film for the alloys [Fig. 8(a)] decreases markedly
after immersion in any of the solutions and further
reduces slightly with an increase in the Nb content. On
the other hand, it is found that both Hf and Ti cations are
largely concentrated in the surface films of the alloys
after the immersion in the solutions [Figs. 8(b) and 8(c)].
The concentration of Nb [Fig. 8(d)] in the surface films of
the alloys immersed in the solutions becomes high in the
same way with Hf and Ti, and the concentration of Nb
increases linearly with increasing Nb content in the alloys.
The chemical and engineering applications of materi-
als generally require the synergistic effect of various
elements. In the present study, the corrosion resistance
of Cu–Hf–Ti–Ni–Nb alloys is enhanced synergistically
by coexisting alloying Ni and Nb elements in 1 N HCl,
3 mass% NaCl, and 1 N H2SO4 + 0.01 N NaCl solutions,
as shown in Figs. 5–7. One of the most important char-
acteristics is ennoblement of their pitting potentials with
the simultaneous addition of Ni and Nb to the Cu–Hf–Ti
alloy (Fig. 6). They are higher than those of (Cu0.6Hf0.25
Ti0.15)100xNbx alloys. Ni and Nb elements of the alloys
have different chemical characteristics in corrosion be-
havior, especially in pitting corrosion. Nb is known to be
an effective element in providing the strong passivating
ability, whereas Ni shows high chemical reactivity in
acidic solutions.26,27 It is interesting to clarify the role
of the combination of Ni and Nb elements in the passiv-
ation and corrosion mechanism of alloys in these corro-
sive solutions. According to XPS analysis, as shown in
FIG. 7. Anodic polarization curves of the Cu–Hf–Ti–Ni–Nb BMGs
and pure Ni and Nb metals in 1 N H2SO4 + 0.01 N NaCl solution
at 298 K.
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Fig. 8, Ni cations could not be detected, and Cu cations
are significantly deficient in the surface film after im-
mersion in the 3 mass% NaCl and 1 N H2SO4 + 0.01 N
NaCl solutions. Meanwhile, the cationic Hf, Ti, or Nb
ions are largely enriched in the surface films immersed
in these solutions. This result reveals that the large en-
richment of passivating elements (Hf, Ti, and Nb) in the
surface film for the Ni-containing alloys is caused by
preferential dissolution of Ni and Cu into solutions.27,28
The role of Cu element in the alloys in the corrosion
behavior has been reported in several surface stud-
ies.17,29 Preferential dissolution of Ni from the alloys
assists the formation of passive films highly enriched in
passivating elements, such as Hf, Ti, and Nb. In addi-
tion, it is observed that the cationic Nb content of the
surface films formed on (Cu0.6Hf0.25 Ti0.15)95xNi5Nbx
(x = 0 to 6 at.%) alloys immersed in the solutions signif-
icantly increases with increasing Nb content of the
alloys, whereas the cationic Hf, Ti, and Cu contents are
not so different with the change in Nb content in the
alloys. This fact suggests that the surface film is further
modified toward more stabilized composition with a
higher Nb content. Consequently, the addition of Nb to
the Cu–Hf–Ti–Ni alloy effectively enhances the stability
of the passive surface film and hence is responsible for
the high pitting corrosion. On the other hand, the accu-
mulation of Hf cations of the surface films formed on
alloys immersed in 1 N H2SO4 + 0.01 N NaCl solution is
higher than that in 3 mass% NaCl, while the reverse is
seen for Ti cations, indicating that an increase in the Hf
content of the surface film is more effective than an
increase in Ti content in enhancing the stability of the
passive stage in 1 N H2SO4 + 0.01 N NaCl solution.
Similar XPS results have been found for the alloy im-
mersed in 1 N HCl solution, and they will not be pre-
sented here in detail. In conclusion, the simultaneous
addition of Ni and Nb is favorable for the alloys in
forming Hf-, Ti-, and Nb-enriched highly protective sur-
face films in these corrosive solutions.
IV. CONCLUSIONS
This work demonstrates the synergistic effect of Ni
and Nb elements on the GFA, thermal stability of super-
cooled liquid, and corrosion resistance of (Cu0.6Hf0.25
Ti0.15)100xyNiyNbx alloys. From the results, following
conclusions are obtained.
(1) The addition of Ni element causes a significant
increase in the supercooled liquid region from 60 K
for Cu60Hf25Ti15 to 70 K for (Cu0.6Hf0.25Ti0.15)95Ni5
accompanied by an increase in Tg and Tx, which is effec-
tive for the increase in thermal stability of the super-
cooled liquid before crystallization.
(2) BMGs with a critical diameter (dc) of 2–4 mm
were fabricated in the (Cu0.6Hf0.25Ti0.15)100xyNiyNbx
(x = 0 to 6 at.% and y = 0 to 5 at.%) system by copper-
mold casting. These alloys exhibit a large supercooled
liquid region (DTx) of 40–70 K and a high reduced glass
transition temperature (Tg/Tl) of 0.61–0.63, indicating
high GFA and high thermal stability of the supercooled
liquid, though the GFA slightly decreases with addition
of Ni and Nb.
FIG. 8. (a) Cationic content of Cu, (b) cationic content of Hf, (c) cationic content of Ti, and (d) cationic content of Nb and Ni in surface film as a
function of Nb content for the (Cu0.6Hf0.25Ti0.15)95–xNi5Nbx BMGs exposed to air and those immersed in 3 mass% NaCl and 1 N H2SO4 + 0.01 N
NaCl solutions open to air for 1 week after mechanical polishing.
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(3) The Cu–Hf–Ti–Ni–Nb BMGs with the coexistence
of Ni and Nb possess significantly lower corrosion rates
in 1 N HCl, 3 mass% NaCl, and 1 N H2SO4 + 0.01 N
NaCl solutions, and their pitting potentials in NaCl are
ennobled with the further increase in Nb content, indi-
cating that the addition of Ni and Nb is the best combi-
nation in enhancing the corrosion resistance.
(4) The simultaneous addition of Ni and Nb is favor-
able for the alloys to form a Hf-, Ti-, and Nb-enriched
highly protective surface film with higher chemical
stability in chloride-ions-containing solutions.
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